Water quality within the Thomas Brook watershed, which is a small catchment located in the headwaters of the Cornwallis River drainage basin, was assessed through an integrated monitoring program. The Thomas Brook watershed is approximately 1000 ha and is characterized by both agricultural and residential land uses. Fecal coliform concentrations and stream flow were monitored at several points throughout the watershed during an eight-month period (May to December, 2001). Thomas Brook was seriously degraded with respect to microbial water quality. Fecal coliform levels frequently exceeded recreational water quality guidelines. At the watershed outlet, 94% of the collected samples exceeded the recreational water quality guideline during low flow conditions. Substantial bacterial loading was observed along stream reaches impacted by livestock operations. Bacterial loading was also observed along a stream reach that was not impacted by agricultural activities. A dense clustering of residences, using on-site septic systems, was the suspected source. Results from this study indicate the presence of a reservoir of fecal microorganisms within the stream sediments. The release of fecal microorganisms from the stream sediments to the water column during both low and high flow conditions could be a major source of bacterial loading.
Introduction
The entry of pathogenic microorganisms into drinking, irrigation and recreational water sources poses a risk to human health. Drinking water boil orders and beach closures, due to elevated levels of fecal pollution indicators, have become a common occurrence in many regions of North America. Livestock agriculture is often cited as one of the major sources of pathogenic microorganisms in surface and ground water systems. As a result, there has been an increasing need for the development of farm best management practices (BMPs) which minimize the risk of water contamination, especially with respect to human pathogens. The efficacy of these BMPs must be thoroughly evaluated in terms of improving water quality at the watershed scale. Pathogens associated with agricultural waste that are of concern include virulent strains of Escherichia coli, Salmonella, Giardia, Campylobacter, Shigella and Cryptosporidium parvum (Landry and Wolfe 1999) .
Difficulties and expenses involved in the testing for specific pathogens have generally led to the use of indicator organisms of enteric origin to estimate the persistence and fate of enteric bacteria in the environment (Crane et al. 1981) . Fecal coliforms (FC) are the most commonly used indicator organisms. Fecal coliforms are identified by their ability to produce gas from lactose at 44.5°C (APHA 1998) . Escherichia coli is the most common FC and although most E. coli strains are non-pathogenic, some strains, such as E. coli O157:H7, pose a serious health risk to humans. Enterohemorrhagic E. coli O157:H7 was first identified as a human pathogen in 1982 (Kudva et al. 1998 ) and has been found in asymptomatic cattle, sheep, swine, deer, dogs, horses and fowl (Mubiru et al. 2000) .
To begin assessing the issue of microbial pollution we must first identify the various pollution sources. In a rural mixed land use watershed, sources could consist of both point (sewage treatment plants, domestic septic systems, manure storages and animal defecation directly into streams) and non-point (sediments, manure and sludge application) sources. Secondly, transport mechanisms must be identified. Possible mechanisms by which bacteria can enter a surface water system include: surface runoff, direct discharges, groundwater flow, and tile drainage systems.
Numerous studies have revealed the presence of fecal indicator organisms and pathogens in both farmed and non-agricultural watersheds. Doran and Linn (1979) monitored surface runoff from grazed and ungrazed pasture land over a three-year period in Nebraska. Fecal coliform counts were 5 to10 times greater in grazed areas, however total coliform (TC) counts differed little. Fecal coliform counts from ungrazed pastures also commonly exceeded water quality standards. Patni et al. (1985) observed that FC bacteria were almost always present in runoff from nonmanured cropland, presumably due to non-livestock sources. Fecal indicators were common in the surface waters of agricultural areas in southern Finland (Niemi and Niemi 1991) , generally exceeding 100 colony forming units (cfu) per 100 mL and occasionally exceeding 1000 cfu/100 mL. Fecal indicators were also found in 50% of water samples from nonagricultural or pristine watersheds, sometimes exceeding 100 cfu/100 mL. Howell et al. (1995) monitored FC and fecal streptococci (FS) in streams, wells and springs of two agricultural watersheds in Kentucky. All sites that were monitored yielded samples that exceeded primary contact standards (>200 cfu/100 mL). Streams exceeded primary contact standards between 87 and 100% of the time. Springs and wells exceeded primary contact standards between 28 and 74% of the time.
Until recently, it was thought that the survival of fecally derived microorganisms was limited in the natural environment. However, it has recently been demonstrated that fecal bacteria can survive for weeks, and sometime months, within surface water systems. Temperature has a significant influence on bacterial survival with several researchers noting that survival is enhanced under cooler conditions (Davenport et al. 1976; Barcina et al. 1986; Flint 1987) . Extended survival patterns have especially been noted for bacteria that have attached to sediment particles and settled to the bottom of streams and lakes (Burton et al. 1987) . The survival of fecal bacteria in sediments is primarily attributed to the availability of soluble organics (Davies et al. 1995; Marino and Gannon 1991) and to increased protection from predatory protozoans (Enzinger and Cooper 1976) . Several studies have shown that concentrations of indicator organisms are typically higher in sediment as opposed to the overlying water column in both marine and freshwater systems (Burton et al. 1987; Sherer et al. 1992; Gary and Adams 1985) . It has therefore been postulated that enteric bacteria can survive longer, and possibly grow, within stream bottom sediments.
The objective of this research was to quantify the presence of fecal coliform bacteria in the surface waters of a rural watershed and to attempt to determine the primary sources of fecal pollution within rural watersheds.
Materials and Methods
A small sub-catchment within the Cornwallis River watershed was selected for this study. The Cornwallis River watershed is approximately 26,000 ha in size and is located within the Annapolis Valley of Nova Scotia. The Annapolis Valley is the most intensively farmed region of the province. The Cornwallis River discharges into the Minas Basin.
Thomas Brook is a tributary of the Cornwallis River. The stream originates on North Mountain and discharges into the Cornwallis River, just north of the town of Berwick. The stream network consists of two upper branches which join to form one channel approximately one-third of the distance through the watershed. Thomas Brook is a small stream, rarely greater than 2 m in width. The main channel of the stream network is 5800 m in length. The average slope of the stream channel is 3.5%. Channel grades in the upper third of the watershed are much higher (9%) than in the lower portion of the watershed (0.5-1.3%). The Thomas Brook watershed area is approximately 1000 ha. Land use within the lower two-thirds of the watershed consists primarily of pasture and cropland. Crops grown within the watershed include corn, strawberries and grains. A variety of soil types exist within the watershed. The areal distribution of soil type, and their respective properties, are provided in Table 1 . In general, the soils are a reddish brown sandy loam (Cann et al. 1965) .
There are several potential microbial pollution sources within the watershed including three livestock operations (1 dairy and 2 beef). The locations of the three farms are shown on Fig. 1 . The dairy operation consists of approximately 300 animals. Runoff from manure storages, or from cropland that has received manure, could be a microbial pollution source. Allowing cattle to have direct access to the stream could also result in pollutant loading. On-site septic systems are also a potential source of pollution within the watershed. Residences which are within 50 m of the brook are shown on Fig. 1 . There is a dense clustering of domestic residences along the upper right branch of the stream network ( Fig. 1 ).
Water quality monitoring stations were established at five locations throughout the watershed. The stations were designated ST1 to ST5 and are shown on Fig. 2 . ST1 is located just downgradient from a headwater spring and was intended to represent background water quality. ST1A was not a permanent monitoring station. It was on an intermittent stream that was sampled twice during rainfall events to verify it possessed similar bacterial water quality to ST1. ST2 was located downstream from the dairy farm, while ST3 was located downstream from the cluster of hous- es on the right upper branch. ST4 was located approximately two-thirds of the way through the watershed, after the two upper branches had joined. ST5 is located at the outlet of the watershed, just before the stream meets the Cornwallis River. At ST2, ST4, and ST5 continuous streamflow measurements were obtained. Water depths at ST2, ST4, and ST5 were measured using KPSI Series 169 pressure transducers (Pressure Systems, Inc., Hampton, Va.) which were placed approximately 5 cm above the stream bed. Pressure transducer measurements were recorded every 60 s by a Campbell Scientific CR10X datalogger (CSI, Logan, Utah) and then averaged hourly. Water depth measurements were manually performed at ST1 and ST3 when samples were collected. Water depth measurements were converted to flow estimates by constructing a stage-discharge relation for the stream at each of the monitoring stations. The areavelocity method was used to calculate flow rates at each location under varying flow conditions (Linsley et al. 1982) . Rainfall was also measured at ST5 using a Campbell Scientific TE525M tipping bucket rain gauge (CSI, Logan, Utah).
Grab samples were collected and analyzed for FC on a weekly basis during dry periods. Samples were collected more frequently during storm events. Samples were collected mid-channel, 3 to 5 cm below the water surface at all sampling locations in sterile 250-mL plastic bottles. Bacterial colonies were estimated using the multiple tube fermentation technique (Method 9221: APHA 1998) . This technique yields a most probable number (MPN) of FC organisms contained within 100 mL of sampled water. Fecal coliform densities within stream sediments were also enumerated on one occasion. Stream sediments near each of the monitoring stations were collected with a small, sterile metal scoop. In the lab, the sediments were homogenized and a 10-g sample of each was removed and used to aseptically prepare serial 1/10, 1/100, and 1/100 dilutions in sterile water. The dilutions were thoroughly mixed and analyzed for FC by the multiple tube fermentation technique (Method 9221: APHA 1998), as modified by the U.S. EPA (1999) for sludges and other solid samples to provide a MPN FC per g fresh weight of sediment.
Water quality within the watershed was also monitored for several other parameters. At each sampling station water samples were collected with ISCO 6700 autosamplers (ISCO, Inc., Lincoln, Nebr.). The autosamplers were programmed to collect a 200-mL sample every 6 h and to composite every four samples (one composite 800-mL sample every 24 h). When the samples were collected (typically every 6 d) three consecutive 800-mL samples were combined to form one composite sample for every three-day period. These samples were transported in a cooler to an accredited analytical laboratory for analysis. Analysis of the composite samples included: total P (TP), soluble reactive P (SRP), total kjedhal N (TKN), ammonia-N (NH 3 -N), nitrate-N (NO 3 -N), sulfate (SO 4 ), pH, and electrical conductivity (EC). Average mean daily flows and maximum mean daily flows at each of the monitoring stations are presented in Table 3 . Average daily flows are also presented graphically in Fig. 2 . Peak flows within the watershed occurred during the month of May (Fig. 2) due to high rainfall in combination with snowmelt runoff. After the first week of June, baseflow conditions existed for the majority of the summer and early fall. Considerable stormflow did not occur until the first week of November. The average mean daily flow rate at the watershed outlet was 0.76 m 3 /s, with maximum mean daily flow values reaching 10 m 3 /s in early May.
Results

Hydrology
As illustrated in Table 3 , flow recorded at ST4 was approximately 50% of the flow recorded at ST5, the outlet of the watershed. It appears that groundwater inputs in the lower third of the watershed constitute a large portion of the streamflow, especially during low flow conditions. Flow rates measured at ST1 (headwater) averaged 0.005 m 3 /s. Maximum flow rates observed at ST1 were approximately 0.01 m 3 /s during early May. Flow was not present at ST1 from mid-June to early November.
General Water Quality
A summary of the water chemistry observed at each of the monitoring stations is provided in Table 4 . Reported are the arithmetic mean concentrations (AM), flow-weighted mean concentrations (FWM), and the maximum concentrations for each primary water quality parameter which was measured during this study. Throughout the stream system, pH levels ranged from neutral to slightly alkaline. Surface water appears 
Fecal Coliforms
Fecal coliform concentrations observed during the study period at ST2 to ST5 are presented in Fig. 2 . The Canadian FC water quality criteria for recreational activities (200 MPN FC/100 mL: CCME 1999) is also shown in Fig. 2 as a horizontal dashed line. Fecal coliforms were usually not detected in samples collected at ST1, and are therefore not presented in Fig. 2 . However, one sample collected at ST1 during the first major flow event in November possessed a FC concentration of 900 MPN FC/100 mL. Fecal coliform concentrations collected after this time were <5 MPN FC/100 mL and FC was not detected at ST1 after December 1. Wildlife sources could have contributed to the formation of a sediment FC reservoir during the dry summer and fall, which could have been subsequently flushed during the first major flow event. Fecal coliforms were not detected in the two samples collected at ST1A.
High FC concentrations occurred concurrently with stormflow peaks in May at all monitoring stations (Fig. 2) . Fecal coliform levels then decreased substantially as stormflows receded. Concentrations at all stations then proceeded to rise again and tended to remain above the recreational water quality guideline for the remainder of the summer and early fall. When substantial stormflows occurred again in early November, FC concentrations decreased throughout the watershed. Concentrations remained below the recreational water quality guideline until the end of the study period (December 10), except at ST4 where FC concentrations rose again after a December 1 storm event. This could indicate a source of FC somewhere between ST2 and ST4. Another possibility is that FC loads generated in the upper part of the watershed were deposited along the stream bed upstream from ST4, where the channel slope starts to decrease. An examination of Fig. 2 tends to indicate that ST2 is the most impaired with respect to bacterial water quality. Concentrations of FC observed in this study are similar to other water quality studies conducted in agricultural watersheds (Niemi and Niemi 1991; Howell et al. 1995) .
Fecal coliform data were also assessed in terms of exceeding applicable water quality guidelines. The two primary uses of surface water within the Cornwallis watershed are irrigation and recreation. The percentage of samples which exceeded Canadian guidelines (CCME 1999) for these two purposes (100 MPN FC/100 mL for irrigation, 200 MPN FC/100 mL for recreation) at ST2 to ST5 are presented in Table 5 . The data set has also been separated into samples which were collected during wet, or stormflow, periods and samples which were collected during dry, or baseflow, periods. The study period was divided into wet and dry periods by manually interpolating each storm hydrograph's recession to baseflow conditions.
At the watershed outlet (ST5) 87% of the samples exceeded the irrigation water quality guideline and 65% exceeded the recreational water quality guideline. Exceedances were more common during baseflow, or dry, conditions. At ST5, 94% of the samples collected during low flow conditions exceeded 200 MPN FC/100 mL. The highest percentage of exceedances were observed at ST2. During baseflow conditions, all samples collected at ST2 possessed FC concentrations exceeding 200 MPN FC/100 mL. It appears that the reach upstream of ST2 is a major contributor of fecal organisms during low flow conditions. Bacterial water quality was also worse at ST3 during low flow conditions, with 67% of dry weather samples exceeding 200 MPN FC/100 mL. There was no active agricultural activity upstream of ST3 during the study period. A number of residences, serviced by on-site septic systems, could be the source of FC to the Thomas Brook upstream of ST3. The dairy farm located upstream from ST2 is a possible source of FC within that reach. a Results are reported for the total sample set (Total), samples collected during wet periods (Wet), and for samples collected during dry periods (Dry).
b Irrigation water quality standard. c Recreational water quality standard.
Concentrations of FC were combined with streamflow data to determine the load of bacteria at ST2 to ST5 (Table 6 ). The calculated bacteria loads presented in Table 6 should only be considered approximate estimates, however, they provide useful information on the relative contribution of FC from various parts of the watershed. It was determined that approximately 75% of the bacteria load at the watershed outlet occurred during stormflow conditions. This would be expected as high rainfall would generate several bacteria transport mechanisms, including surface runoff and tile drain flow. Saturated soils may also cause septic systems to malfunction. Another significant source could be FC reservoirs in the stream bottom sediments. Turbulent flow could resuspend fecal organisms into the water column. Although the dry weather load represents only 25% of the total load, it is still substantial enough to impair the stream because of decreased dilution.
In an attempt to identify the major sources of bacterial pollution under different flow conditions, the FC loads at ST2, ST3, and ST4 were expressed as a percent of the watershed outlet (ST5) load (Table 6 ). The FC loads observed at ST2, ST3, and ST4 were simply divided by the load observed at ST5. Please note that the values presented in the second part of Table 6 will not sum to 100%. The load observed at ST4 is a combination of loads observed at ST2 and ST3. These values illustrate the cumulative loading of FC moving down through the watershed. These values can only be considered approximate, as they do not account for resettlement and die-off of bacteria as they move through the stream network. Overall, the FC load at ST2 represented 45% of the outlet mass load, increasing to 57% during low flow conditions. In comparison, the FC mass load at ST3 represents only 20% of the outlet load during low flow conditions. The FC load at ST4 represents approximately two-thirds of the FC load observed at the watershed outlet. Therefore, approximately onethird of the total watershed FC load is generated in the lower reach of the watershed, between ST4 and ST5. Concentrations of FC in stream sediments throughout the watershed are presented in Fig. 3 . Large numbers of FC were enumerated in sediment samples collected at ST1 to ST4. The FC levels at ST5 were at least an order of magnitude lower than at the other stations. The highest concentrations were observed at ST2, where 58,500 MPN FC/g sediment were enumerated.
There appears to be a substantial reservoir of fecal bacteria within the stream sediments of Thomas Brook. This reservoir could be acting as a major source of bacteria during both low and high flow conditions. A stream sediment bacterial reservoir has been noted in several other surface water quality investigations (Burton et al. 1987; Seyfried and Harris 1990; Sherer et al. 1992; Crabill et al. 1999) . Allowing cattle to enter streams could disturb sediments and release bacteria into the water column (Sherer et al. 1988) . Usage of the river for recreational purposes, such as canoeing, could also result in sediment resuspension. If the bacteria remain adsorbed to the sediment particles, they will eventually settle back to the stream bed. The turbulence, however, could cause the bacteria to desorb off the sediment, where it could continue to migrate downstream. As previously mentioned, stream bottom sediments can provide an environment which is conducive to the extended survival, and possibly growth, of enteric microorganisms. This means that bacteria that are transported into streams during spring runoff events could effectively degrade in-stream water quality for several months. This phenomena makes it extremely difficult to determine the source of bacterial pollution through routine monitoring programs. It is likely that only a few precipitation events during the course of a year transport significant quantities of bacteria to the stream system. Controls must be implemented to minimize bacterial transport during these key events. If controls fail during even one rainfall event, surface water quality could be degraded for several months. 
Conclusions
Within this watershed, the primary surface water pollutant was fecal bacteria. Levels of FC frequently exceeded recreational water quality guidelines. Exceedances were more common during dry weather, or low flow conditions. This could pose a concern as the use of surface waters for recreation and irrigation activities frequently occurs during the drier summer months, when bacteria concentrations are high. Substantial FC loading was observed along stream reaches impacted by livestock operations. Substantial FC loading was also observed along a stream reach which was not impacted by agricultural activities. A dense clustering of residences with domestic on-site septic systems is the suspected source. Results from this study indicate the presence of a reservoir of fecal microorganisms within the stream sediments. The release of fecal microorganisms from the stream sediments to the water column during both low and high flow conditions could be a major source of bacterial loading. The possible extended survival of fecal microorganisms within stream sediments requires further investigation. It should be determined if this phenomena is the primary cause of microbial water quality degradation during low flow conditions.
